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An understanding of host–parasite interplay is essential for the development of therapeutics and
vaccines. Immunoparasitologists have learned a great deal from ‘conventional’ in vitro and in vivo
approaches, but recent developments in imaging technologies have provided us (immunologists and
parasitologists) with the ability to ask new and exciting questions about the dynamic nature of the par-
asite–immune system interface. These studies are providing us with new insights into the mechanisms
involved in the initiation of a Leishmania infection and the consequent induction and regulation of the
immune response. Here, we review some of the recent developments and discuss how these observations
can be further developed to understand the immunology of cutaneous Leishmania infection in vivo.
 2010 Elsevier Inc. Open access under CC BY license. 1. Introduction
Leishmania infections present a major global health challenge,
with an estimated 12 million people infected worldwide and con-
sequently there is an urgent need for better prophylactic and ther-
apeutic interventions for this disease (Mansueto et al., 2007). The
induction of an immune response requires a series of complex
interactions between several different cell types (and their prod-
ucts), with an orchestra of secreted proteins, surface receptors,
signalling pathways and intracellular processes occurring in a
highly specialised manner (Guermonprez et al., 2002). Importantly,
relatively small changes in only a few of these cell–cell or protein–
protein interactions can dramatically alter the functional charac-
teristics of the immune response generated (Gett et al., 2003),
and can dictate whether an infection is controlled or establishes
a chronic, progressive disease in the host. Leishmania is of particu-
lar interest in this regard since it is a major global health challenge
in its own right, but relatively few differences between individual
species (e.g. Leishmania major versus Leishmania donovani versus
Leishmania braziliensis), or the genetic background and/or immuno-
logical status of the host can result in signiﬁcantly different out-
comes (cutaneous versus visceral, chronic versus healing) (Ivens
et al., 2005; McMahon-Pratt and Alexander, 2004; Peacock et al.,
2007; Sacks and Noben-Trauth, 2002). Hence, in order to develop
novel therapeutics and vaccine strategies, an improved under-ics, Strathclyde Institute of
rathclyde, 27 Taylor Street,
R. Millington).
 license. standing of the underlying immunology is needed. The wide spec-
trum of human disease can be mimicked in murine models and
these have been used extensively for than conventional imaging
in vitro studies to dissect host cell/parasite interactions, as well
as in vivo to elucidate the complex nature of the immunological
process involved. Critically, the complex nature of the immune sys-
tem necessitates the use of in vivo models of infection in order to
elucidate the precise roles of the speciﬁc interactions involved.
Typically, the study of Leishmania infections in the mouse has
used approaches such as parasite-speciﬁc immunoglobulins, mea-
surement of lesion size, parasite burden and in vitro recall re-
sponses of lymph node or spleen cells to understand the
fundamental immunology of infection. As novel techniques devel-
oped allowing in-depth analysis of the speciﬁc cells of the immune
system, immunoparasitologists have embraced these approaches
to better understand the kinetics of Leishmania infection.
Thus, ﬂow cytometric analysis has been used to investigate
many aspects of Leishmania infection, such as the role of CC chemo-
kine receptor-2 in the migration of skin-derived dendritic cells
(DCs) to the lymph node, antigen presentation by tissue-derived
versus lymph node-resident DCs, as well as to examine the kinetics
of cell recruitment back into the lesion (Belkaid et al., 2000; Iezzi
et al., 2006; Sato et al., 2000). Others used immunohistochemical
and immunoﬂuorescence staining of sections taken at different
times following Leishmania infection to establish the distinct path-
ways involved in mediating immunity, migration and disease
regulation (Ato et al., 2006). However, recent advances in imaging
systems have provided the opportunity to further understand the
development of infection and the induction of an immune
response against and its modulation by the parasite.
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Ever since van Leeuwenhoek developed his simple microscope
and observed protozoa in droplets of water, researchers have been
fascinated with the possibility of visualising the interactions of
parasites and the immune system. The use of ﬂuorescence- or
luminescence-based imaging approaches has allowed immunopar-
asitologists to characterise many of the fundamental processes in-
volved in Leishmania infection. Whilst the use of green ﬂuorescent
protein (GFP) and other ﬂuorochromes has expedited the use of
ﬂuorescence microscopy, the development of imaging systems
allowing users to look across a variety of scales (from full animal
imaging down to the sub-micron resolution) has been of critical
importance. There have been several recent developments provid-
ing novel approaches to assess cell–cell or protein–protein interac-
tions, visualise single molecules and offer imaging beyond the
diffraction limit.2.1. Bioluminescence
In vivo bioluminescence imaging was ﬁrst used to monitor
infection in a Salmonella typhimurium model (Contag et al., 1995).
By introducing ﬁreﬂy or Renilla luciferase into pathogens or cells
of interest their in vivo localisation and proliferation or clearance
can be assessed. Interaction between the luciferase enzyme and
its substrate (luciferin) results in emission of photons, which can
then be detected using a high sensitivity cooled charge-coupled
device (CCCD) camera. This approach allows whole-body imaging
of small animals and researchers are able to localise the signal by
overlaying a map of speciﬁc tissues and organs. Indeed, some bio-
luminescence imaging systems now include an integrated X-ray
system to provide further locational detail (Andreev et al., 2007;
Backer et al., 2007). However, signiﬁcant absorption of light by
body tissues means that these approaches rely on a relatively
strong signal, requiring a minimum of 103–104 reporter cells to
generate sufﬁcient signal for detection (around 20 pg of luciferase
(Lang et al., 2005; Rettig et al., 2006)). The recent development of
red-shifted luciferases will aid in this enhancing this sensitivity,
reducing the light absorption by tissue (Loening et al., 2007; Shapiro
et al., 2005). Also, whilst these systems provide somemagniﬁcation
capability, (typically resolving down to sub-millimetre resolution),
their resolution and sensitivity does not provide the opportunity
for analysing the behaviour of single cells or small populations of
cells. A major disadvantage of bioluminescent proteins is their
requirement for available substrate. This is especially problematic
for long term in vivo experimentswhere continuous injectionof sub-
strate would be needed. Furthermore, non-homogenous distribu-
tion of substrate in vivo differs depending on the route of substrate
administrationand complicates the accurate localisationof biolumi-
nescent cells or pathogens (Claes et al., 2009).2.2. Fluorescence microscopy
Unlike bioluminescence (where an enzymatic reaction gener-
ates emitted photons), ﬂuorescence microscopy introduces illumi-
nation of one wavelength to excite a ﬂuorescent molecule and then
detects photons emitted at a red-shifted wavelength as the excited
electrons decay back to their ground state. Several advances in
ﬂuorescent microscopy have provided researchers with a wide
range of facilities for imaging, depending on the needs of the user.
Epi-ﬂuorescence microscopy provides an excellent introduction
to imaging, using relatively broad excitation and detection systems
to capture emissions from much of the depth of the sample. Whilst
this provides the opportunity to visualise cells and parasites with
good lateral resolution (e.g. Kupfer et al. (1986), Monks et al.(1998)), there is little control over the focal plane examined and
deconvolution is often required for effective 3-dimensional analy-
sis. Using confocal microscopy allows researchers to image in 3 and
4 dimensions with much more precision. By using a pinhole to re-
strict light collection to a single focal plane provides much greater
axial resolution and provides the opportunity to resolve images
down to the sub-micron level. For example, confocal microscopy
has been used to provide high-resolution images of Leishmania-
containing phagosomes to assess the localisation of MHC mole-
cules (Flohe et al., 1997; Lang et al., 1994), actin polymerisation
(Holm et al., 2001) and disruption of lipid rafts (Chakraborty
et al., 2005). However, relatively high laser intensities are required
for these imaging approaches, which can result in damage to bio-
logical samples and photobleaching above and below the focal
point. The spinning disk confocal microscope permits higher speed
imaging and is associated with less tissue damage, providing the
opportunity for in vivo imaging of ﬂuorescent samples. Whilst
these systems have been used to image cells of the immune system
with some success (e.g. Pﬂicke and Sixt (2009)), an inherent prob-
lem with confocal imaging systems is the limited depth penetra-
tion associated with light scattering by the tissue (especially at
lower wavelengths).
An important development was that of multiphoton laser-scan-
ning microscopy (MPLSM; (Squirrell et al., 1999)). This provides
the 3 and 4-dimensional analysis of confocal imaging approaches,
but rather than exciting ﬂuorescence throughout the depth of the
tissue, the laser excitation is focused to a very tight point. Impor-
tantly, ﬂuorophores are stimulated by the near-simultaneous exci-
tation of two higher wavelength photons (as opposed to a single
lower wavelength photon in confocal imaging) (Squirrell et al.,
1999). This allows imaging of ﬂuorescent samples at depths in
the order of hundreds of microns within the tissue, with relatively
little damage to surrounding tissues. However, this approach often
requires removal (or surgical exposure) of the tissue of interest,
with limited possibility for repeated imaging. Also, the relatively
small ﬁeld-of-view restricts the area of imaging to a few hundred
microns across and whilst MPLSM is able to probe deeper into tis-
sue than previous approaches, organs of interest can be much
thicker than light penetration allows.
Whilst these approaches have proved incredibly useful in terms
of understanding the host–parasite interaction of Leishmania infec-
tion, it is important to understand some of the problems associated
with these imaging approaches. For example, bioluminescence
imaging of luciferase-expressing parasites requires efﬁcient uptake
and delivery of the luciferin substrate to parasites contained within
the parasitophorous vacuole. In addition, the acidic pH of the par-
asitophorous vacuole may alter the emission spectra of certain ﬂu-
orochromes (Tsien, 1998). The Leishmania life cycle is complex, and
certain stages may be associated with rearrangement of proteins,
resulting reporter ﬂuorochromes localising to different compart-
ments in promastigotes and amastigotes. For example, we have
generated Leishmania mexicana parasites expressing Ea-DSRed
and Ea-mCherry with either a HASPB or HASPB G/A mutant signal
sequence to localise the ﬂuorochromes to the parasite membrane
or to retain the protein in the cytosol (Fig. 1). In these parasites,
stage-speciﬁc differences can be observed in terms of the localisa-
tion of the ﬂuorochromes, with DsRed correctly targeting to the
cytosol of promastigotes, but localising in lysosomes/megasomes
during amastigote stages (Fig. 1b). Interestingly, differences be-
tween in the membrane targeting of tetrameric DSRed and mono-
meric mCherry are also evident (Fig. 1a–d), demonstrating the
importance of appropriate ﬂuorochrome selection. In addition,
over-expression of ﬂuorescent/bioluminescence reporter proteins
may inﬂuence parasite ﬁtness, with EGFP-expressing L. mexicana
showing delayed lesion development compared with wild-type
parasites (Bennett et al., 2001).
Fig. 1. Imaging of Leishmania mexicana expressing red ﬂuorescent proteins. Ea-DSRed (a + b) or Ea-mCherry (c + d) were fused to the HASPB or HASPB G/A mutant signal
sequence to direct fusion proteins to the surface or cytosol of L. mexicana parasites (Denny et al., 2000; Prickett et al., 2006). Live promastigotes (left) or lesion-derived
amastigotes (right) were imaged on a Deltavision epiﬂuorescent microscope. (a) Tetrameric DSRed fused to HASPB signal is not detected on the surface of promastigotes or
lesion-derived amastigotes and appears to mislocalise to the lysosome. (b) DSRed fused to HASPB G/A is visible in the cytosol of promastigotes but appears to localise to large
lysosomes/megasomes in amastigotes. (c) The monomeric protein, mCherry, fused to HASPB is expressed on the promastigote surface but appears to locate to lysosomes/
megasomes in amastigotes. (d)mCherry fused to HASPB G/A is expressed in the cytosol of both promastigotes and lesion-derived amastigotes. Kinetoplast DNA (blue) is stained
with DAPI. Corresponding brightﬁeld images are shown on the right of each epiﬂuorescent image. Scale bar = 5 lm. (e) Stationary-phase L. mexicana promastigotes expressing
Ea-mCherry fused to the HASPB G/A mutant signal were injected into right hind footpads of BALB/c mice. Disease progression was monitored by in vivo ﬂuorescence imaging
using a Xenogen IVIS Spectrum. The Region of Interest (ROI) indicates ﬂuorescence measured in the footpad at each time point after infection. Fluorescence increased over time
and corresponded to an increase in lesion size and parasite load. Mice infected with wild-type L. mexicana (WT) showed background levels of ﬂuorescence while lesion size
progressed over time. (For interpretation of the references in colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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immune response?
3.1. Visualising the complexity of intracellular infection
Early electron microscopy and ﬂuorescence studies of intracel-
lular Leishmania infection provided an insight into the complex
mechanisms of uptake and movement of parasite-containing vacu-
oles within an infected macrophage. Thus, it was demonstrated
that amastigotes reside in a phagolysosome but that a parasite-in-
duced manipulation of the process of phagosome fusion could en-
hance parasite growth (see Fig. 2a) (Alexander, 1981). These early
observations suggested a defect in phagosome–endosome fusion
following promastigote infection. Phagosomal development is typ-
ically associated with accumulation of F-actin, which is then re-
moved as the phagosome matures (Aderem and Underhill, 1999).
Using confocal microscopy to visualise GFP-expressing wild-type
and LPG-deﬁcient promastigotes, Holm et al. demonstrated that
LPG plays an important role in maintaining this periphagosomal
F-actin, which has been proposed to provide a physical barrier to
reduce phagosome–endosome fusion (Holm et al., 2001). More re-
cently, studies have used ﬂuorescence systems to assess the matu-
ration of parasite-containing phagosomes. Rab5 is a key regulator
of phagosome maturation, and using cells derived from GFP-Rab5
transgenic mice Lippuner et al. were able to assess whether L. mex-
icana are contained within Rab5+ compartments in macrophages
(Lippuner et al., 2009). Real-time ﬂuorescence imaging of these
cultures conclusively demonstrated that L. mexicana-containingFig. 2. The evolution of ﬂuorescence microscopy in studies of Leishmania. (a) Dark-ﬁeld vi
Lysosomes have fused to parasitophorous vacuoles, some containing single parasites and
L. mexicana (green) internalised by a dendritic cell (stained with cholera toxin subunit B
were co-cultured for 1 h to allow internalization of the parasite prior to ﬁxation and imag
imaging the ear of a CD11c-YFP mouse infected with mCherry-expressing L. mexicana.
parasites (red) in vivo. Using Volocity analysis software (Improvision), individual ce
square = 8 lm. (For interpretation of the references in colour in this ﬁgure legend, the rphagosomes were Rab5+ for much shorter times than other phago-
somes and that this was associated with LPG expression on the sur-
face of the parasite. This demonstrates the importance of analysing
these complex spatial and temporal cell–pathogen interactions
over a signiﬁcant period of time. Real et al. (2008) made use of
GFP-expressing Leishmania amazonensis parasites to show the fu-
sion of newly-formed parasite-containing phagosomes (or PV) to
pre-established PV’s containing unlabelled parasites (Real et al.,
2008). Their model may be useful for future studies on the parasite
or host factors that inﬂuence PV fusogenicity and maturation.
The use of ﬂuorescent parasites is also helping our understand-
ing of the fundamental biology of Leishmania infection (Fig. 2b).
Using transgenic L. amazonensis parasites expressing the DsRed2
ﬂuorescent protein, Lecoeur et al. (2009) investigated modulation
of dendritic cell gene expression by Leishmania. Several reports
have used ﬂuorescent parasites to investigate the effects of Leish-
mania upon dendritic cells (e.g. Bennett et al. (2001), Colmenares
et al. (2002), Gorak et al. (1998), Iezzi et al. (2006), Jebbari et al.
(2002), Maroof and Kaye (2008), Misslitz et al. (2004), Prina et al.
(2004), von Stebut et al. (1998), Williams (1988)), but puriﬁcation
of parasite-containing dendritic cells (based on ﬂuorescence) re-
vealed signiﬁcant modulation of transcription of several genes crit-
ical for DC function, which was not identiﬁed in the unsorted
population. Importantly, whilst epi-ﬂuorescence imaging was also
used to conﬁrm that the DsRed-positive cells contained ﬂuorescent
parasites, in the future it will be important to develop in situ
visualisation and puriﬁcation procedures to ensure that cells do
not acquire parasites during tissue processing. The use of thesetal ﬂuorescence staining of macrophage secondary lysosomes using acridine orange.
others multiple parasites. (b) Three-dimensional confocal imaging of GFP-expressing
-AF647 to reveal lipid rafts; red). GFP-expressing promastigotes and dendritic cells
ing. (c and d) In vivo imaging of dendritic cell/Leishmania interaction by multiphoton
The image shows a number of dendritic cells (yellow) interacting with ﬂuorescent
lls can be identiﬁed and false-coloured (d), allowing tracking over time. Grid
eader is referred to the web version of this article.)
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of great importance in the development of high-throughput
screening approaches currently under development.
3.2. Analysing Leishmania infection and cell recruitment in vivo
The complex and dynamic nature of the Leishmania infection site
necessitates in vivo studies to characterise the kinetics of the para-
site burden and the associated recruitment and function of key cells
of the immune system. Several ﬂuorescence-based approaches have
been employed to visualise, at a cellular level, the response to infec-
tion and the mechanisms involved (Fig. 2c and d). Recently, Rein-
hardt et al. (2009) have used ﬂuorescent reporter mice to analyse
the cytokine response to L. major infection. Using ﬂow cytometry
and immunoﬂuorescence in strains of micewhich reveal active pro-
duction of IL-4 and of IFNc they showed that, following L. major
infection, IL-4 release is essentially limited to B cell follicles and ger-
minal centres. Importantly, by isolating cell conjugates based on
ﬂuorescence-reporters of cytokine production, the authors demon-
strated that both the IL-4-producing and IFNc-producing follicular
helper T cells interactedwith B cells and speciﬁcally direct immuno-
globulin switching towards IgG1 and IgG2a, respectively.
Obviously, the changing environment of the Leishmania infec-
tion site necessitates an imaging modality that allows repeated
imaging sessions in order to monitor these changes. The develop-
ment of bioluminescent L. amazonensis provided a sensitive detec-
tion method to monitor growth over several weeks following
infection. Using luciferase-transfected parasites, Lang et al. moni-
tored parasite development at the site of intradermal inoculation
and in the draining lymph node, demonstrating that this approach
provides a highly sensitive method for detection and quantiﬁcation
of early infection (Lang et al., 2005). Importantly, this approach ne-
gated the need to sacriﬁce animals at regular time points following
infection, allowing repeated quantiﬁcation of parasite numbers in
the same animal over time. Recently, we have used mCherry-
expressing L. mexicana parasites to monitor development of cuta-
neous infection over time (Fig. 1e). Combinations of these ap-
proaches will allow researchers to visualise the recruitment of
speciﬁc cell types during infection, as has recently been investi-
gated in visceral leishmaniasis (Beattie et al., 2010).
3.3. Visualising the dynamic nature of cells of the immune system
during Leishmania infection
With the advent of MPLSM, immunologists are now able to
appreciate the complex and dynamic nature of an immune re-
sponse in unprecedented detail. Whilst previous reports had char-
acterised recruitment of inﬂammatory cells into the site of
infection using ﬂow cytometry and immunoﬂuorescence, we are
now able to examine the spatial and temporal nature of the re-
sponse to Leishmania infection.
Several reports have described the role of neutrophils in the
early response to experimental Leishmania infection following nee-
dle inoculation. Indeed, work by Tacchini-Cottier et al. demon-
strated the signiﬁcance of these cells, which are recruited within
an hour post-infection and, through early production of IL-12, are
associated with the resistance/susceptibility of different strains of
mice (Tacchini-Cottier et al., 2000). However, it is clear that sand
ﬂy biting is also associated with tissue damage and initiates a
strong inﬂammatory response, even in the absence of parasites
(Andrade et al., 2007). By using MPLSM to image the early response
to infection, Peters et al. visualised the migration of neutrophils in
mice expressing GFP under the lysozyme M promoter (Peters et al.,
2008). They demonstrated that following the sand ﬂy bite, neutro-
phils are rapidly recruited to the site of injury (irrespective of the
presence of parasites) and form a ‘‘plug” in order to close overthe hole left by the sand ﬂy proboscis. Subsequently, the fast-mov-
ing neutrophils migrate to the site of dermal infection, take up
Leishmania parasites by phagocytosis and reduce their migratory
capacity. Critically, despite phagocytosis, parasites remained viable
and transfer of infected neutrophils into naïve animals was able to
transfer infection which was associated with the transfer of para-
sites from neutrophils to macrophages. Hence, the initial uptake
of parasites by neutrophils may be important in the recruitment
and subsequent modulation of macrophages to provide the para-
site with an ideal host cell.
Concomitantly with recruitment of neutrophils from blood ves-
sels, dermal DCs begin to respond to Leishmania infection. Whilst
the early reports proposed a role for Langerhans cells in the re-
sponse to Leishmania infection (Moll et al., 1993), several recent re-
ports have suggested that (at least in L. major infection) these cells
are not necessary for the activation of CD4 T cell responses in the
draining lymph node (Lemos et al., 2004; Ritter et al., 2004). In-
stead, it has been suggested that activation of local dermal DCs
may be important in the induction of the adaptive immune re-
sponse (Ritter et al., 2004). Hence, a recent report by Ng et al.
investigated the in vivo response of Langerhans cells (LC) and der-
mal DCs (DDCs) following infection with L. major (Ng et al., 2008).
Using CD11c-YFP mice, the authors demonstrated that LC and
DDCs showed distinct behaviours in steady-state, with epidermal
LCs remaining relatively static but extending long dendrites to
effectively survey the microenvironment. Conversely, DDCs ac-
tively migrated through the interstitial space of naïve animals,
allowing them to rapidly detect and respond to infection. Thus,
within 20 min of L. major inoculation, DDCs decreased their migra-
tion and phagocytosed live parasites. Interestingly, this change in
behaviour was not restricted to DCs interacting with parasites, sug-
gesting that the localised inﬂammation alters DDC migratory
capacity rather than parasite uptake alone. How the migratory ar-
rest of these cells in the tissue correlates with migration to the
draining lymph node is unclear (Ritter et al., 2004), but may ex-
plain the relative importance of lymph node-resident DCs in anti-
gen-presentation in vivo (Iezzi et al., 2006).
As highlighted above, the application of MPLSM has provided an
insight into the interactions involved in the activation of naïve T cell
responses by antigen-presenting cells in the lymph node and en-
hanced our appreciation of the dynamic nature of naïve T cells (Mill-
er et al., 2002). Recent reports have investigated the behaviour of T
cells during a recall response in the lymph node following challenge
with either model antigen or Toxoplasma gondii (Chtanova et al.,
2009; Schaeffer et al., 2009; Wilson et al., 2009). However, the
behaviour of activated T cells in peripheral tissues has, until re-
cently, remained ill-deﬁned. The generation of transgenic mice
expressingaT cell receptor speciﬁcally recognising the LACKantigen
has allowed immunoparasitologists to examinemanyof the features
associated with the activation of Leishmania-speciﬁc adaptive
immunity (Reiner et al., 1998;Wanget al., 2001). Thus, Filipe-Santos
et al. have recently used these LACK-speciﬁc T cells to examine inter-
actionsbetweenactivatedT cells andparasite-containing cells in the
Leishmania lesion (Filipe-Santos et al., 2009). By imaging activated
CFSE-labelled LACK-speciﬁcWT15 CD4+ T cells as well as polyclonal
(labelled with both SNARF-1 and CFSE), it was demonstrated that
whilst activated T cells were recruited into the site of infection
non-speciﬁcally, only the parasite-speciﬁc T cells altered their
behaviour. The LACK-speciﬁc T cells were observed to slow down
and interact with some parasite-containing cells (identiﬁed by
DsRed-expressing L. major). Interestingly, not all infected cells were
able to attract T cells and areas containing a high density of parasites
were impenetrable to T cells.Whether this represents differences in
presentation of antigens, production of inﬂammatory cytokines or
chemokines, or simply physical constraints in the microenviron-
ment due to other (unseen) cells, remains to be established.
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to their cytotoxicity role, recent evidence suggests an important
function of NK cells is in inﬂuencing DC function and T cell effector
responses (Ferlazzo et al., 2002; Gerosa et al., 2002; Piccioli et al.,
2002). By visualising the interactions between NK cells, DCs, and
T cells, Bajenoff et al. characterised an important role of early
NK-derived IFNc in directing the polarisation of CD4 T cell
response (Bajenoff et al., 2006). Using MPLSM, the authors demon-
strated that lymph node-resident NK cells are relatively slow-mov-
ing and establish long interactions with DCs even in the resting
state, but that following L. major infection, NK cells are recruited
to the paracortex of the lymph node and associate with parasite-
speciﬁc CD4 T cells and DCs. Thus, by imaging NK cell behaviour
in a Leishmania model, a potential role for these multi-cellular
interactions in inﬂuencing the immune response was identiﬁed.
The signiﬁcance of these NK cells in polarising a Th1 response in
this system remains to be identiﬁed, especially given the lack of
requirement for NK cells in Th1-mediated protection from L. major
infection (Satoskar et al., 1999).
3.4. Application of imaging approaches to developing therapeutics and
vaccines
Whilst the above reports have provided a fundamental under-
standing of the biology of Leishmania infection, imaging ap-
proaches have recently been used to analyse therapeutic and
vaccine candidates. A number of groups have used GFP or lucifer-
ase-expressing Leishmania to assess drug efﬁcacy in vitro, often
using rapid techniques such as ﬂow cytometry or microplate-based
bioluminescence (Dube et al., 2009). These approaches allow a
much higher throughput screening for investigating potential drug
candidates than conventional imaging, and GFP-expressing L. ma-
jor has been used to screen a large panel of extracts for effects on
parasite viability (Plock et al., 2001). Signiﬁcantly, the ability to
introduce GFP or luciferase expression in ﬁeld-isolates of L. dono-
vani allows in vitro screening of anti-leishmanial drugs (Ashutosh
et al., 2005; Singh and Dube, 2004).
Fluorescent and luminescent parasites are also being applied for
in vivo analysis of therapeutic and vaccine development. Using a
GFP-expressing L. amazonensis, Demicheli et al. showed that b-
cyclodextrin enhances the uptake of orally-delivered antimonials,
with signiﬁcantly reduced parasite loads (analysed ex vivo). Leco-
eur et al. demonstrated the feasibility of using luciferase-express-
ing bioluminescent L. major to assess topical therapeutics directly
in vivo (Lecoeur et al., 2007). Application of WR279396 (a recently
developed aminoglycoside formulation shown to be effective in
localised cutaneous leishmaniasis) to infection sites reduced the
bioluminescence signal and using whole-body imaging analysis
provided a more sensitive approach than conventional clinical
monitoring. In a similar approach, Mehta et al. used episomal
expression of GFP in L. amazonensis and analysed whole-body ﬂuo-
rescence to demonstrate the efﬁcacy of a vaccine candidate (Mehta
et al., 2008). Their work suggested that this approach provided an
increased sensitivity compared with standard approaches, as well
as providing real-time data on the distribution of infection.
Whilst we have focused here on imaging the interactions be-
tween the immune system and Leishmania parasites, several
groups have developed approaches for understanding the develop-
ment of parasites in the sandﬂy host. Thus, Kimblin et al. (2008) in-
fected sandﬂies with RFP-expressing L. major parasites and tracked
infection in ﬂies by imaging whole sandﬂies (Kimblin et al., 2008).
In Since Akopyants et al. (2009) have demonstrated genetic ex-
change between Leishmania major parasites in the sand ﬂy vector
(Akopyants et al., 2009), ﬂuorescent and bioluminescent markers
could also be used to track organisms of different lineages and
their genetic recombination, as has been shown with Trypanosoma(Peacock et al., 2009). These studies open new possibilities for
developing approaches to target parasites in the vector, rather than
in the mammalian host.
4. The future’s bright
Clearly the above approaches have provided a much greater
understanding of the fundamental biology of Leishmania infection
in the mouse, as well as starting to provide the potential for devel-
oping novel therapeutics and vaccines. The next step is for immu-
noparasitologists to dissect the many molecular pathways that are
important in each of these distinct stages of the immune response
and to establish their signiﬁcance in vivo. Obviously, many studies
have performed large-scale genomic/proteomic analyses or made
use of transgenic and knockout animals to understand the roles
of speciﬁc cytokines and receptors, as well as developing cell-spe-
ciﬁc expression/depletion mice to begin to understand the com-
plex (and often pleiotropic) roles of speciﬁc molecules in
infection. To fully comprehend the pathways involved we will need
to combine these approaches with imaging systems to assess the
distinct behaviour of speciﬁc cell types in these altered environ-
ments, or to use reporters of cell function in vivo. However, these
approaches pose some signiﬁcant challenges for biologists, chem-
ists, physicists and engineers. The methods described above have
distinct limitations in their ability to resolve less than several hun-
dred nanometres. Thus, application of new and emerging technol-
ogies providing resolution below the diffraction limit such as
stimulated emission depletion microscopy (STED (Willig et al.,
2006), photo-activated localisation microscopy (PALM (Betzig
et al., 2006)), stochastic optical reconstruction microscopy (STORM
(Rust et al., 2006)) and single molecule imaging (Funatsu et al.,
1995) will allow an illuminating insight into the interactions in-
volved in parasite uptake, survival and manipulation of the micro-
environment within the parasitophorous vacuole. In parallel,
development of novel ﬂuorochromes with emissions further into
the red allows improved in vivo imaging, with enhanced penetra-
tion of excitation and emission light and reduced autoﬂuorescence
(Lin et al., 2009; Shu et al., 2009). Critically, it will be important to
develop systems that provide the opportunity for a functional
read-out in vivo. Thus the developments of ﬂuorescent molecules
that can be switched on or off and/or change in colour in a con-
trolled way (Chudakov et al., 2004; Marchant et al., 2001) is of par-
ticular interest and combination of these developments with
transgenic/knockout/knockin animals will contribute to the ‘tool-
box’ available for future immunoparasitology studies. The ability
to directly manipulate the behaviour of a conscious animal by opti-
cally stimulating neurons highlights the incredible potential of
these approaches (Airan et al., 2009). Furthermore, the develop-
ment of alternative in vivo imaging approaches such as those based
on MRI, positron emission tomography (PET), Raman scattering or
microendoscopy provide the exciting possibility of visualising para-
site and cellular behaviourwithout the need for ﬂuorescent labels or
without theneed for surgical approaches. Critically, the combination
of multiple imaging approaches into one (e.g. Olson et al. (2010)),
alongwithother ﬁelds, such as genomics, proteomics andmetabolo-
mics,will provide theopportunity to identify keypathways thatmay
be useful for development of chemotherapeutics. As highlighted
above, imaging approaches are now being adapted for use in the
screening of candidate molecules, developing the capacity for the
high-throughput screening required if successful therapeutic and
vaccination strategies are to be developed further.
Acknowledgments
O.M. is funded through an RCUK Academic Fellowship. J.A. and
J.C.M. are supported by the Wellcome Trust.
316 O.R. Millington et al. / Experimental Parasitology 126 (2010) 310–317References
Aderem, A., Underhill, D.M., 1999. Mechanisms of phagocytosis in macrophages.
Annual Reviews in Immunology 17, 593–623.
Airan, R.D., Thompson, K.R., Fenno, L.E., Bernstein, H., Deisseroth, K., 2009.
Temporally precise in vivo control of intracellular signalling. Nature 458,
1025–1029.
Akopyants, N.S., Kimblin, N., Secundino, N., Patrick, R., Peters, N., Lawyer, P., Dobson,
D.E., Beverley, S.M., Sacks, D.L., 2009. Demonstration of genetic exchange during
cyclical development of Leishmania in the sand ﬂy vector. Science 324, 265–268.
Alexander, J., 1981. Leishmania mexicana: inhibition and stimulation of phagosome–
lysosome fusion in infected macrophages. Experimental Parasitology 52, 261–
270.
Andrade, B.B., de Oliveira, C.I., Brodskyn, C.I., Barral, A., Barral-Netto, M., 2007. Role
of sand ﬂy saliva in human and experimental leishmaniasis: current insights.
Scandanavian Journal of Immunology 66, 122–127.
Andreev, O.A., Dupuy, A.D., Segala, M., Sandugu, S., Serra, D.A., Chichester, C.O.,
Engelman, D.M., Reshetnyak, Y.K., 2007. Mechanism and uses of a membrane
peptide that targets tumors and other acidic tissues in vivo. Proceedings of the
National Academy of Science 104, 7893–7898.
Ashutosh, Gupta., Ramesh, S., Sundar, S., Goyal, N., 2005. Use of Leishmania donovani
ﬁeld isolates expressing the luciferase reporter gene in in vitro drug screening.
Antimicrobial Agents & Chemotherapy 49, 3776–3783.
Ato, M., Maroof, A., Zubairi, S., Nakano, H., Kakiuchi, T., Kaye, P.M., 2006. Loss of
dendritic cell migration and impaired resistance to Leishmania donovani
infection in mice deﬁcient in CCL19 and CCL21. Journal of Immunology 176,
5486–5493.
Backer, M.V., Levashova, Z., Patel, V., Jehning, B.T., Claffey, K., Blankenberg, F.G.,
Backer, J.M., 2007.Molecular imagingofVEGF receptors inangiogenic vasculature
with single-chain VEGF-based probes. Nature Medicine 13, 504–509.
Bajenoff, M., Breart, B., Huang, A.Y., Qi, H., Cazareth, J., Braud, V.M., Germain, R.N.,
Glaichenhaus, N., 2006. Natural killer cell behavior in lymph nodes revealed by
static and real-time imaging. Journal of Experimental Medicine 203, 619–631.
Beattie, L., Peltan, A., Maroof, A., Kirby, A., Brown, N., Coles, M., Smith, D.F., Kaye,
P.M., 2010. Dynamic imaging of experimental Leishmania donovani-induced
hepatic granulomas detects Kupffer cell-restricted antigen presentation to
antigen-speciﬁc CD8 T cells. PLoS Pathogens 6, e1000805.
Belkaid, Y., Mendez, S., Lira, R., Kadambi, N., Milon, G., Sacks, D., 2000. A natural
model of Leishmania major infection reveals a prolonged ‘‘silent” phase of
parasite ampliﬁcation in the skin before the onset of lesion formation and
immunity. Journal of Immunology 165, 969–977.
Bennett, C.L., Misslitz, A., Colledge, L., Aebischer, T., Blackburn, C.C., 2001. Silent
infection of bone marrow-derived dendritic cells by Leishmania mexicana
amastigotes. European Journal of Immunology 31, 876–883.
Betzig, E., Patterson, G.H., Sougrat, R., Lindwasser, O.W., Olenych, S., Bonifacino, J.S.,
Davidson, M.W., Lippincott-Schwartz, J., Hess, H.F., 2006. Imaging intracellular
ﬂuorescent proteins at nanometer resolution. Science 313, 1642–1645.
Chakraborty, D., Banerjee, S., Sen, A., Banerjee, K.K., Das, P., Roy, S., 2005. Leishmania
donovani affects antigen presentation of macrophage by disrupting lipid rafts.
Journal of Immunology 175, 3214–3224.
Chtanova, T., Han, S.J., Schaeffer, M., van Dooren, G.G., Herzmark, P., Striepen, B.,
Robey, E.A., 2009. Dynamics of T cell, antigen-presenting cell, and pathogen
interactions during recall responses in the lymph node. Immunity 31, 342–355.
Chudakov, D.M., Verkhusha, V.V., Staroverov, D.B., Souslova, E.A., Lukyanov, S.,
Lukyanov, K.A., 2004. Photoswitchable cyan ﬂuorescent protein for protein
tracking. Nature Biotechnology 22, 1435–1439.
Claes, F., Vodnala, S.K., van Reet, N., Boucher, N., Lunden-Miguel, H., Baltz, T.,
Goddeeris, B.M., Buscher, P., Rottenberg, M.E., 2009. Bioluminescent imaging of
Trypanosoma brucei shows preferential testis dissemination which may hamper
drug efﬁcacy in sleeping sickness. PLoS Neglected Tropical Diseases 3, e486.
Colmenares, M., Puig-Kroger, A., Pello, O.M., Corbi, A.L., Rivas, L., 2002. Dendritic cell
(DC)-speciﬁc intercellular adhesion molecule 3 (ICAM-3)-grabbing nonintegrin
(DC-SIGN, CD209), a C-type surface lectin in human DCs, is a receptor for
Leishmania amastigotes. Journal of Biological Chemistry 277, 36766–36769.
Contag, C.H., Contag, P.R., Mullins, J.I., Spilman, S.D., Stevenson, D.K., Benaron, D.A.,
1995. Photonic detection of bacterial pathogens in living hosts. Molecular
Microbiology 18, 593–603.
Denny, P.W., Gokool, S., Russell, D.G., Field, M.C., Smith, D.F., 2000. Acylation-
dependent protein export in Leishmania. Journal of Biological Chemistry 275,
11017–11025.
Dube, A., Gupta, R., Singh, N., 2009. Reporter genes facilitating discovery of drugs
targeting protozoan parasites. Trends in Parasitology 25, 432–439.
Ferlazzo, G., Tsang, M.L., Moretta, L., Melioli, G., Steinman, R.M., Munz, C., 2002.
Human dendritic cells activate resting natural killer (NK) cells and are
recognized via the NKp30 receptor by activated NK cells. Journal of
Experimental Medicine 195, 343–351.
Filipe-Santos, O., Pescher, P., Breart, B., Lippuner, C., Aebischer, T., Glaichenhaus, N.,
Spath, G.F., Bousso, P., 2009. A dynamic map of antigen recognition by CD4 T
cells at the site of Leishmania major infection. Cell Host & Microbe 6, 23–33.
Flohe, S., Lang, T., Moll, H., 1997. Synthesis, stability, and subcellular distribution of
major histocompatibility complex class II molecules in Langerhans cells
infected with Leishmania major. Infection & Immunity 65, 3444–3450.
Funatsu, T., Harada, Y., Tokunaga, M., Saito, K., Yanagida, T., 1995. Imaging of single
ﬂuorescent molecules and individual ATP turnovers by single myosin molecules
in aqueous solution. Nature 374, 555–559.Gerosa, F., Baldani-Guerra, B., Nisii, C., Marchesini, V., Carra, G., Trinchieri, G., 2002.
Reciprocal activating interaction between natural killer cells and dendritic cells.
Journal of Experimental Medicine 195, 327–333.
Gett, A.V., Sallusto, F., Lanzavecchia, A., Geginat, J., 2003. T cell ﬁtness determined by
signal strength. Nature Immunology 4, 355–360.
Gorak, P.M., Engwerda, C.R., Kaye, P.M., 1998. Dendritic cells, but not macrophages,
produce IL-12 immediately following Leishmania donovani infection. European
Journal of Immunology 28, 687–695.
Guermonprez, P., Valladeau, J., Zitvogel, L., Thery, C., Amigorena, S., 2002. Antigen
presentation and T cell stimulation by dendritic cells. Annual Reviews of
Immunology 20, 621–667.
Holm, A., Tejle, K., Magnusson, K.E., Descoteaux, A., Rasmusson, B., 2001. Leishmania
donovani lipophosphoglycan causes periphagosomal actin accumulation:
correlation with impaired translocation of PKCalpha and defective phagosome
maturation. Cellular Microbiology 3, 439–447.
Iezzi, G., Frohlich, A., Ernst, B., Ampenberger, F., Saeland, S., Glaichenhaus, N., Kopf,
M., 2006. Lymph node resident rather than skin-derived dendritic cells initiate
speciﬁc T cell responses after Leishmania major infection. Journal of
Immunology 177, 1250–1256.
Ivens, A.C., Peacock, C.S., Worthey, E.A., Murphy, L., Aggarwal, G., Berriman, M., Sisk,
E., Rajandream, M.A., Adlem, E., Aert, R., Anupama, A., Apostolou, Z., Attipoe, P.,
Bason, N., Bauser, C., Beck, A., Beverley, S.M., Bianchettin, G., Borzym, K., Bothe,
G., Bruschi, C.V., Collins, M., Cadag, E., Ciarloni, L., Clayton, C., Coulson, R.M.,
Cronin, A., Cruz, A.K., Davies, R.M., De Gaudenzi, J., Dobson, D.E., Duesterhoeft,
A., Fazelina, G., Fosker, N., Frasch, A.C., Fraser, A., Fuchs, M., Gabel, C., Goble, A.,
Goffeau, A., Harris, D., Hertz-Fowler, C., Hilbert, H., Horn, D., Huang, Y., Klages, S.,
Knights, A., Kube, M., Larke, N., Litvin, L., Lord, A., Louie, T., Marra, M., Masuy, D.,
Matthews, K., Michaeli, S., Mottram, J.C., Muller-Auer, S., Munden, H., Nelson, S.,
Norbertczak, H., Oliver, K., O’Neil, S., Pentony, M., Pohl, T.M., Price, C., Purnelle,
B., Quail, M.A., Rabbinowitsch, E., Reinhardt, R., Rieger, M., Rinta, J., Robben, J.,
Robertson, L., Ruiz, J.C., Rutter, S., Saunders, D., Schafer, M., Schein, J., Schwartz,
D.C., Seeger, K., Seyler, A., Sharp, S., Shin, H., Sivam, D., Squares, R., Squares, S.,
Tosato, V., Vogt, C., Volckaert, G., Wambutt, R., Warren, T., Wedler, H.,
Woodward, J., Zhou, S., Zimmermann, W., Smith, D.F., Blackwell, J.M., Stuart,
K.D., Barrell, B., Myler, P.J., 2005. The genome of the kinetoplastid parasite,
Leishmania major. Science 309, 436–442.
Jebbari, H., Stagg, A.J., Davidson, R.N., Knight, S.C., 2002. Leishmania major
promastigotes inhibit dendritic cell motility in vitro. Infection & Immunity 70,
1023–1026.
Kimblin, N., Peters, N., Debrabant, A., Secundino, N., Egen, J., Lawyer, P., Fay, M.P.,
Kamhawi, S., Sacks, D., 2008. Quantiﬁcation of the infectious dose of Leishmania
major transmitted to the skin by single sand ﬂies. Proceedings of the National
Academy of Science 105, 10125–10130.
Kupfer, A., Swain, S.L., Janeway Jr., C.A., Singer, S.J., 1986. The speciﬁc direct
interaction of helper T cells and antigen-presenting B cells. Proceedings of the
National Academy of Science 83, 6080–6083.
Lang, T., Goyard, S., Lebastard, M., Milon, G., 2005. Bioluminescent Leishmania
expressing luciferase for rapid and high throughput screening of drugs acting
on amastigote-harbouring macrophages and for quantitative real-time
monitoring of parasitism features in living mice. Cellular Microbiology 7,
383–392.
Lang, T., Hellio, R., Kaye, P.M., Antoine, J.C., 1994. Leishmania donovani-infected
macrophages: characterization of the parasitophorous vacuole and potential
role of this organelle in antigen presentation. Journal of Cell Science 107 (Pt 8),
2137–2150.
Lecoeur, H., Buffet, P., Morizot, G., Goyard, S., Guigon, G., Milon, G., Lang, T., 2007.
Optimization of topical therapy for Leishmania major localized cutaneous
leishmaniasis using a reliable C57BL/6 model. PLoS Neglected Tropical Diseases
1, e34.
Lecoeur, H., de La Llave, E., Osorio, Y.F.J., Goyard, S., Biasizzo, H.K., Balazuc, A.M.,
Milon, G., Prina, E., Lang, T., 2009. Sorting of Leishmania-bearing dendritic cells
reveals subtle parasite-induced modulation of host–cell gene expression.
Microbes & Infection 12, 46–54.
Lemos, M.P., Esquivel, F., Scott, P., Laufer, T.M., 2004. MHC class II expression
restricted to CD8alpha+ and CD11b+ dendritic cells is sufﬁcient for control of
Leishmania major. Journal of Experimental Medicine 199, 725–730.
Lin, M.Z., McKeown, M.R., Ng, H.L., Aguilera, T.A., Shaner, N.C., Campbell, R.E.,
Adams, S.R., Gross, L.A., Ma, W., Alber, T., Tsien, R.Y., 2009. Autoﬂuorescent
proteins with excitation in the optical window for intravital imaging in
mammals. Chemistry & Biology 16, 1169–1179.
Lippuner, C., Paape, D., Paterou, A., Brand, J., Richardson, M., Smith, A.J., Hoffmann,
K., Brinkmann, V., Blackburn, C., Aebischer, T., 2009. Real-time imaging of
Leishmania mexicana-infected early phagosomes: a study using primary
macrophages generated from green ﬂuorescent protein-Rab5 transgenic mice.
FASEB Journal 23, 483–491.
Loening, A.M., Wu, A.M., Gambhir, S.S., 2007. Red-shifted Renilla reniformis
luciferase variants for imaging in living subjects. Nature Methods 4, 641–643.
Mansueto, P., Vitale, G., Di Lorenzo, G., Rini, G.B., Mansueto, S., Cillari, E., 2007.
Immunopathology of leishmaniasis: an update. International Journal of
Immunopathology & Pharmacology 20, 435–445.
Marchant, J.S., Stutzmann, G.E., Leissring, M.A., LaFerla, F.M., Parker, I., 2001.
Multiphoton-evoked color change of DsRed as an optical highlighter for cellular
and subcellular labeling. Nature Biotechnology 19, 645–649.
Maroof, A., Kaye, P.M., 2008. Temporal regulation of interleukin-12p70 (IL-12p70)
and IL-12-related cytokines in splenic dendritic cell subsets during Leishmania
donovani infection. Infection & Immunity 76, 239–249.
O.R. Millington et al. / Experimental Parasitology 126 (2010) 310–317 317McMahon-Pratt, D., Alexander, J., 2004. Does the Leishmania major paradigm of
pathogenesis and protection hold for New World cutaneous leishmaniases or
the visceral disease? Immunological Reviews 201, 206–224.
Mehta, S.R., Huang, R., Yang, M., Zhang, X.Q., Kolli, B., Chang, K.P., Hoffman, R.M.,
Goto, Y., Badaro, R., Schooley, R.T., 2008. Real-time in vivo green ﬂuorescent
protein imaging of a murine leishmaniasis model as a new tool for Leishmania
vaccine and drug discovery. Clinical & Vaccine Immunology 15, 1764–1770.
Miller, M.J., Wei, S.H., Parker, I., Cahalan, M.D., 2002. Two-photon imaging of
lymphocyte motility and antigen response in intact lymph node. Science 296,
1869–1873.
Misslitz, A.C., Bonhagen, K., Harbecke, D., Lippuner, C., Kamradt, T., Aebischer, T.,
2004. Two waves of antigen-containing dendritic cells in vivo in experimental
Leishmania major infection. European Journal of Immunology 34, 715–725.
Moll, H., Fuchs, H., Blank, C., Rollinghoff, M., 1993. Langerhans cells transport
Leishmania major from the infected skin to the draining lymph node for
presentation to antigen-speciﬁc T cells. European Journal of Immunology 23,
1595–1601.
Monks, C.R., Freiberg, B.A., Kupfer, H., Sciaky, N., Kupfer, A., 1998. Three-
dimensional segregation of supramolecular activation clusters in T cells.
Nature 395, 82–86.
Ng, L.G., Hsu, A., Mandell, M.A., Roediger, B., Hoeller, C., Mrass, P., Iparraguirre, A.,
Cavanagh, L.L., Triccas, J.A., Beverley, S.M., Scott, P., Weninger, W., 2008.
Migratory dermal dendritic cells act as rapid sensors of protozoan parasites.
PLoS Pathogens 4, e1000222.
Olson, E.S., Jiang, T., Aguilera, T.A., Nguyen, Q.T., Ellies, L.G., Scadeng, M., Tsien, R.Y.,
2010. Activatable cell penetrating peptides linked to nanoparticles as dual
probes for in vivo ﬂuorescence and MR imaging of proteases. Proceedings of the
National Academy of Science 107, 4311–4316.
Peacock, C.S., Seeger, K., Harris, D., Murphy, L., Ruiz, J.C., Quail, M.A., Peters, N.,
Adlem, E., Tivey, A., Aslett, M., Kerhornou, A., Ivens, A., Fraser, A., Rajandream,
M.A., Carver, T., Norbertczak, H., Chillingworth, T., Hance, Z., Jagels, K., Moule, S.,
Ormond, D., Rutter, S., Squares, R., Whitehead, S., Rabbinowitsch, E.,
Arrowsmith, C., White, B., Thurston, S., Bringaud, F., Baldauf, S.L.,
Faulconbridge, A., Jeffares, D., Depledge, D.P., Oyola, S.O., Hilley, J.D., Brito,
L.O., Tosi, L.R., Barrell, B., Cruz, A.K., Mottram, J.C., Smith, D.F., Berriman, M.,
2007. Comparative genomic analysis of three Leishmania species that cause
diverse human disease. Nature Genetics 39, 839–847.
Peacock, L., Ferris, V., Bailey, M., Gibson, W., 2009. Intraclonal mating occurs during
tsetse transmission of Trypanosoma brucei. Parasites & Vectors 2, 43.
Peters, N.C., Egen, J.G., Secundino, N., Debrabant, A., Kimblin, N., Kamhawi, S.,
Lawyer, P., Fay, M.P., Germain, R.N., Sacks, D., 2008. In vivo imaging reveals an
essential role for neutrophils in leishmaniasis transmitted by sand ﬂies. Science
321, 970–974.
Pﬂicke, H., Sixt, M., 2009. Preformed portals facilitate dendritic cell entry into
afferent lymphatic vessels. Journal of Experimental Medicine 206, 2925–2935.
Piccioli, D., Sbrana, S., Melandri, E., Valiante, N.M., 2002. Contact-dependent
stimulation and inhibition of dendritic cells by natural killer cells. Journal of
Experimental Medicine 195, 335–341.
Plock, A., Sokolowska-Kohler, W., Presber, W., 2001. Application of ﬂow cytometry
and microscopical methods to characterize the effect of herbal drugs on
Leishmania spp.. Experimental Parasitology 97, 141–153.
Prickett, S., Gray, P.M., Colpitts, S.L., Scott, P., Kaye, P.M., Smith, D.F., 2006. In vivo
recognition of ovalbumin expressed by transgenic Leishmania is determined by
its subcellular localization. Journal of Immunology 176, 4826–4833.
Prina, E., Abdi, S.Z., Lebastard, M., Perret, E., Winter, N., Antoine, J.C., 2004. Dendritic
cells as host cells for the promastigote and amastigote stages of Leishmania
amazonensis: the role of opsonins in parasite uptake and dendritic cell
maturation. Journal of Cell Science 117, 315–325.
Real, F., Pouchelet, M., Rabinovitch, M., 2008. Leishmania (L.) amazonensis: fusion
between parasitophorous vacuoles in infected bone-marrow derived mouse
macrophages. Experimental Parasitology 119, 15–23.
Reiner, S.L., Fowell, D.J., Moskowitz, N.H., Swier, K., Brown, D.R., Brown, C.R., Turck,
C.W., Scott, P.A., Killeen, N., Locksley, R.M., 1998. Control of Leishmania major by
a monoclonal alpha beta T cell repertoire. Journal of Immunology 160, 884–889.Reinhardt, R.L., Liang, H.E., Locksley, R.M., 2009. Cytokine-secreting follicular T cells
shape the antibody repertoire. Nature Immunology 10, 385–393.
Rettig, G.R., McAnuff, M., Liu, D., Kim, J.S., Rice, K.G., 2006. Quantitative
bioluminescence imaging of transgene expression in vivo. Analytical
Biochemistry 355, 90–94.
Ritter, U., Meissner, A., Scheidig, C., Korner, H., 2004. CD8 alpha- and Langerin-
negative dendritic cells, but not Langerhans cells, act as principal antigen-
presenting cells in leishmaniasis. European Journal of Immunology 34, 1542–
1550.
Rust, M.J., Bates, M., Zhuang, X., 2006. Sub-diffraction-limit imaging by stochastic
optical reconstruction microscopy (STORM). Nature Methods 3, 793–795.
Sacks, D., Noben-Trauth, N., 2002. The immunology of susceptibility and
resistance to Leishmania major in mice. Nature Reviews Immunology 2,
845–858.
Sato, N., Ahuja, S.K., Quinones, M., Kostecki, V., Reddick, R.L., Melby, P.C., Kuziel,
W.A., Ahuja, S.S., 2000. CC chemokine receptor (CCR)2 is required for langerhans
cell migration and localization of T helper cell type 1 (Th1)-inducing dendritic
cells. Absence of CCR2 shifts the Leishmania major-resistant phenotype to a
susceptible state dominated by Th2 cytokines, b cell outgrowth, and sustained
neutrophilic inﬂammation. Journal of Experimental Medicine 192, 205–218.
Satoskar, A.R., Stamm, L.M., Zhang, X., Satoskar, A.A., Okano, M., Terhorst, C., David,
J.R., Wang, B., 1999. Mice lacking NK cells develop an efﬁcient Th1 response and
control cutaneous Leishmania major infection. Journal of Immunology 162,
6747–6754.
Schaeffer, M., Han, S.J., Chtanova, T., van Dooren, G.G., Herzmark, P., Chen, Y.,
Roysam, B., Striepen, B., Robey, E.A., 2009. Dynamic imaging of T cell–parasite
interactions in the brains of mice chronically infected with Toxoplasma gondii.
Journal of Immunology 182, 6379–6393.
Shapiro, E., Lu, C., Baneyx, F., 2005. A set of multicolored Photinus pyralis luciferase
mutants for in vivo bioluminescence applications. Protein Engineering Design &
Selection 18, 581–587.
Shu, X., Royant, A., Lin, M.Z., Aguilera, T.A., Lev-Ram, V., Steinbach, P.A., Tsien, R.Y.,
2009. Mammalian expression of infrared ﬂuorescent proteins engineered from
a bacterial phytochrome. Science 324, 804–807.
Singh, N., Dube, A., 2004. Short report: ﬂuorescent Leishmania: application to anti-
leishmanial drug testing. American Journal of Tropical Medicine & Hygeine 71,
400–402.
Squirrell, J.M., Wokosin, D.L., White, J.G., Bavister, B.D., 1999. Long-term two-photon
ﬂuorescence imaging of mammalian embryos without compromising viability.
Nature Biotechnology 17, 763–767.
Tacchini-Cottier, F., Zweifel, C., Belkaid, Y., Mukankundiye, C., Vasei, M., Launois, P.,
Milon, G., Louis, J.A., 2000. An immunomodulatory function for neutrophils
during the induction of a CD4+ Th2 response in BALB/c mice infected with
Leishmania major. Journal of Immunology 165, 2628–2636.
Tsien, R.Y., 1998. The green ﬂuorescent protein. Annual Reviews of Biochemistry 67,
509–544.
von Stebut, E., Belkaid, Y., Jakob, T., Sacks, D.L., Udey, M.C., 1998. Uptake of
Leishmania major amastigotes results in activation and interleukin 12
release from murine skin-derived dendritic cells: implications for the
initiation of anti-Leishmania immunity. Journal of Experimental Medicine
188, 1547–1552.
Wang, Q., Malherbe, L., Zhang, D., Zingler, K., Glaichenhaus, N., Killeen, N., 2001. CD4
promotes breadth in the TCR repertoire. Journal of Immunology 167, 4311–
4320.
Williams, R.O., 1988. Invasion of murine dendritic cells by Leishmania major and L.
mexicana mexicana. Journal of Parasitology 74, 186–187.
Willig, K.I., Rizzoli, S.O., Westphal, V., Jahn, R., Hell, S.W., 2006. STED microscopy
reveals that synaptotagmin remains clustered after synaptic vesicle exocytosis.
Nature 440, 935–939.
Wilson, E.H., Harris, T.H., Mrass, P., John, B., Tait, E.D., Wu, G.F., Pepper, M., Wherry,
E.J., Dzierzinski, F., Roos, D., Haydon, P.G., Laufer, T.M., Weninger, W., Hunter,
C.A., 2009. Behavior of parasite-speciﬁc effector CD8+ T cells in the brain and
visualization of a kinesis-associated system of reticular ﬁbers. Immunity 30,
300–311.
